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Abstract: Landscapes typically comprise various habitats that differ in their susceptibility to invasion by exotic 
species. Highly invasible habitats such as riparian corridors can act as a conduit for rapid movement across 
the landscape and as a propagule source to facilitate spread into adjacent, less invasible habitats. If this is so, 
there should be a decline in invader frequency and/or abundance with distance away from the source; the local 
abundance of invasive species in the source habitat should be positively correlated with local abundance in the 
adjacent habitat; and, having accounted for variation in local source population size, the slope of the decline 
in invader abundance with distance away from the source habitat should reflect the ease with which adjacent 
habitat can be invaded. Here, we test these predictions to assess whether creek habitats function as a source 
to facilitate the spread of the invasive plant Hieracium lepidulum Stenstr. (Asteraceae) in upland catchments 
of the South Island, New Zealand, by surveying H. lepidulum abundance in creek margin and adjacent beech 
forest and subalpine habitat in 17 creek catchments. Our results imply that propagule pressure from populations 
in creek margins and other disturbed areas is driving catchment-wide H. lepidulum invasion, but forest and 
subalpine habitats currently differ in the way H. lepidulum spreads from source populations. Our results suggest 
that H. lepidulum invasion is at an earlier stage in subalpine areas, that there are few barriers to invasion across 
this habitat, and that subalpine habitats will become more heavily invaded than forests. These findings can be 
used to underpin monitoring strategies and management prioritisation for this invader.
Keywords: Hieracium lepidulum; habitat invasibility; invasion; propagule pressure; riparian habitat; spread 
dynamics
Introduction
Landscapes typically comprise a mixture of habitats that can 
differ in the degree to which they are susceptible to invasion 
by exotic species (Elton 1958; Rejmánek 1989; Richardson 
et al. 2000; Chytrý et al. 2008b). Such variation is often key 
to understanding the spread of invasive species because highly 
invasible habitats can act as a conduit for rapid movement across 
the landscape, and as a propagule source to facilitate spread 
into adjacent, less invasible habitats (e.g. Forcella & Harvey 
1983; Gelbard & Belnap 2003; Sullivan et al. 2009). The role 
of highly invasible habitats as sources facilitating spread into 
adjacent habitats will depend on at least three factors: (1) the 
rate at which invasive populations build up in source areas and 
hence the rate at which they can supply propagules for further 
spread (e.g. Dias 1996; Meekins & McCarthy 2002; Harris 
et al. 2011); (2) the degree to which adjacent habitats differ 
from source areas in terms of invasibility, whereby habitats 
highly resistant to invasion will require a greater input of 
propagules to overcome that resistance (e.g. D’Antonio et al. 
2001; Von Holle & Simberloff 2005; Chytrý et al. 2008a); 
and (3) propagule movement, with dispersal barriers, such as 
those created by forest edges, potentially limiting propagule 
movement from source into adjacent habitats (Cadenasso & 
Pickett 2001; With 2002).
Linear habitat networks, such as riparian and road corridors, 
are known for their susceptibility to invasion because they 
are often highly disturbed, have relatively high resource 
availability, and are subjected to high levels of propagule 
pressure (e.g. DeFerrari & Naiman 1994; Stohlgren et al. 
1999; Sullivan et al. 2009). Many studies have inferred from 
the relative abundance of invasive species in riparian and road 
corridors that these areas function as source habitats for the 
spread of invasive species into adjacent less invasible habitats 
(e.g. Brothers & Spingarn 1992; Naiman & Décamps 1997; 
Watkins et al. 2003). For example, if highly invaded habitats 
such as riparian corridors act as a source for invasive species 
spread into adjacent habitat then we would expect a decline in 
invader frequency or abundance with distance away from the 
source (Harrison et al. 2002; Gelbard & Belnap 2003; Hansen 
& Clevenger 2005; Flory & Clay 2006). While this pattern has 
been well documented, two additional predictions associated 
with the source habitat hypothesis may provide further insight 
into the spread of invaders: (1) if the rate of spread into adjacent 
habitat is limited by propagule availability, due to dispersal 
limitation or because large numbers of propagules are required 
to overcome invasion resistance, then the local abundance of 
invasive species in the source habitat should be positively 
correlated with local abundance in the adjacent habitat. In 
other words, local spread into adjacent habitat should be 
facilitated by greater propagule pressure associated with larger 
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local source populations; (2) having accounted for variation in 
local source population size, the slope of the decline in invader 
abundance with distance away from the source habitat should 
reflect the ease with which adjacent habitat can be invaded. 
Habitats that are difficult to invade, due to dispersal barriers, 
such as that provided by forest edges (Cadenasso & Pickett 
2001; With 2002) or because large numbers of propagules 
are required to overcome resistance to invasion, should have 
steep slopes with invader abundance dropping rapidly with 
distance from the source, while more readily invaded habitats 
should have shallower slopes. Here we test these predictions 
with the aim of determining whether creek corridors function 
as a source habitat to facilitate the spread of the invasive herb 
Hieracium lepidulum Stenstr. (Asteraceae) (Fig. 1) in montane 
and subalpine catchments of the South Island, New Zealand.
Hieracium lepidulum is an invasive herb that has increased 
dramatically in abundance throughout the South Island in 
recent decades and is now present in a wide range of upland 
habitats from modified short-tussock grassland to intact beech 
forest to high alpine herb fields (Rose et al. 1995; Duncan 
et al. 1997; Rose et al. 1998; Wiser et al. 1998; Wiser & Allen 
2000; Miller 2006). Historical data indicate that H. lepidulum 
is over-represented in naturally disturbed habitats such as creek 
margins and forest canopy gaps (Wiser & Allen 2000; Spence 
et al. 2011). We test three hypotheses to determine whether creek 
margin habitats are acting as a source for spread: first, density 
of H. lepidulum should decline with distance away from creeks; 
second, local density of H. lepidulum in adjacent habitat should 
be positively correlated with local density in creek habitat; 
and third, the strength of this correlation should decline with 
Figure 1. Hieracium lepidulum growing in a creek corridor in 
Craigieburn Forest Park.
distance from the creek. Because forest is likely to provide a 
less permeable barrier for seed dispersal for this short-statured, 
wind-dispersed herb relative to shrub and tussock grassland 
vegetation in subalpine areas, we analysed data from forest 
and subalpine habitats separately. Our expectation is that the 
decline in H. lepidulum density with distance from the creek 
should be less pronounced in subalpine than in forest habitat. 
We attempt to control for the effects of environmental variation 
that might also explain differences in H. lepidulum abundance 
by including overhead canopy cover, distance from the creek 
mouth, elevation, and local disturbance as covariates in our 
analysis. We make the assumption that higher local abundance 
in creek margin habitats is associated with higher propagule 
pressure from these habitats, i.e. that total seed output is 
positively correlated with population size.
Materials and methods
Study area
Our study was carried out in creek catchments in Craigieburn 
Forest Park on the eastern side of the Southern Alps, Canterbury, 
New Zealand (Fig. 2). This area was chosen because it 
has the longest known history of H. lepidulum invasion in 
New Zealand (Rose et al. 1995; Wiser et al. 1998) meaning that 
H. lepidulum was sufficiently common that we could accurately 
quantify its spatial distribution. The landscape of the park is 
mountainous with elevations ranging from 800 to 2000 m 
above sea level. Mean annual temperature is 8.0°C and mean 
annual precipitation is 1447 mm (McCracken 1980). Soils are 
Allophanic Brown Soils derived from greywacke, loess and 
colluvium (Hewitt 2010). Old-growth mountain beech forest 
(Fuscospora cliffortioides) is the dominant vegetation type 
from approximately 800 to 1400 m elevation, giving way to 
subalpine scrub, tussock grasslands dominated by Chionochloa 
spp., and alpine herbfields at higher elevations.
Data collection
During January to May 2003, we quantified the abundance 
of H. lepidulum in creek margin habitat (defined as the area 
between frequently flooded, sparsely vegetated creek gravels 
and the edge of the adjacent closed forest or subalpine habitat) 
and at increasing distances into adjacent forest and subalpine 
habitats in 17 creeks (Fig. 2). To select creeks for study, we 
Figure 2. Location of study area with the 17 surveyed creeks in 
bold and indicated by an asterisk.
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first divided the area into the two main catchments: the Avoca 
River and Craigieburn Stream. The Avoca River catchment 
was then divided into 10 strata defined by distance up the 
main Avoca River Valley, excluding lower elevation areas 
that had been extensively modified by burning and livestock 
grazing. Within each stratum one creek was randomly chosen 
for survey from NZ260 topographical maps with the constraint 
that creeks were required to be longer than 1 km and to extend 
into subalpine habitat. In the Craigieburn Stream catchment 
all seven creeks that were longer than 1 km and not modified 
by ski-field development or roading were surveyed.
For each creek, transects running perpendicular from the 
creek margin and extending 100 m into the adjacent habitat were 
placed at 100-m intervals up the creek, beginning at a random 
point 0–50 m from the creek mouth, until either creek margin 
habitat was no longer distinguishable from the surrounding 
subalpine habitat, or the terrain became inaccessible. Which 
side of the creek to sample was randomly determined at each 
sampling point. Each transect comprised five plots, each 2 × 3 m, 
located at: (1) a random point within the creek margin (creek); 
(2) in the forest or subalpine habitat immediately adjacent to 
the creek margin (edge); (3) at 10 m; (4) at 30 m; and (5) at 
100 m away from the creek margin into the adjacent habitat.
Each plot was subdivided into six 1 × 1 m quadrats, and 
the number of H. lepidulum plants within each quadrat was 
counted and the total number of plants summed and converted 
to a density (plants/m2). At each plot, we recorded the elevation 
(metres above sea level) and whether the plot showed evidence 
of past disturbance (excluding flood disturbance in creek margin 
habitat), defined as a treefall gap, uproot mound, landslide or 
frost heave. For plots in forest habitat, we visually assessed 
the percentage of overhead canopy cover using the scale: 0 = 
0%, 1 = >0–25%, 2 = 26–50%, 3 = 51–75%, 4 = 76–100%.
Data analysis
We measured 1144 plots on 229 transects in the 17 creeks, 
with the number of transects per creek ranging from 25 to 109. 
We used the 915 plots in habitat adjacent to creek margins for 
analysis, treating the density of H. lepidulum in creek-margin 
plots at the start of each transect as a covariate (see below). Of 
the 915 plots in non-creek-margin habitat, 636 (70%) had no 
H. lepidulum plants, with densities in the remainder ranging 
from 0.2 to 482.0 plants/m2. Because these data were strongly 
zero-inflated, we used a two-step approach, first modelling 
the probability that H. lepidulum was present in a plot or not 
as a function of covariates, and second, where H. lepidulum 
was present, modelling the log-transformed density as a 
function of covariates (Fletcher et al. 2005). This two-step 
approach allowed us to distinguish factors associated with both 
establishment (presence or absence) and local abundance given 
establishment, with mean density being the product of these.
To test the first hypothesis, that density of H. lepidulum 
declines with distance away from the creek margin, we fitted 
models that included only distance of the plot from the creek 
(with edge plots assigned a distance of 1 m) as an explanatory 
variable. Transect and creek identity were included as nested 
random effects to accommodate the nesting of plots within 
transects and transects within creeks. To test the second 
hypothesis, that local density of H. lepidulum in adjacent 
habitat should be correlated with local density in creek margin 
habitat, and to assess whether any decline in H. lepidulum 
density with distance away from the creek could be attributed 
to changes in other covariates, we fitted models with plot 
distance from creek, density of H. lepidulum in the creek 
margin, elevation, disturbance, distance of transect from creek 
mouth (this was tested in addition to elevation to examine 
whether H. lepidulum spread up catchments from lower-valley 
propagule sources, while elevation is related to environmental 
suitability for invasion), and canopy cover (for plots in forest 
habitat only) as explanatory variables. Again random effects 
were included to account for the nested survey structure. 
Disturbance was a binary variable (disturbed or not), coded 
as 1 or 0. Canopy cover was treated as a continuous variable, 
with all remaining continuous variables (distance away from 
creek, density of H. lepidulum in the creek margin, elevation 
and distance of transect from creek mouth) log-transformed 
to put them on a multiplicative scale. All continuous variables 
were then standardised by subtracting the mean and dividing 
by two standard deviations, to put the regression coefficients, 
including those for the binary variables, on a comparable scale 
(Gelman & Hill 2006).
We modelled H. lepidulum presence/absence on plots by 
specifying a binomial distribution and logit link, and modelled 
log-transformed density given presence by specifying a normal 
distribution and identity link. To test our third hypothesis, 
that the strength of the relationship between density in a plot 
and density in the adjacent creek margin should decline with 
distance from the creek, we estimated a separate parameter 
for this relationship for each distance class (edge, 10 m, 30 m 
and 100 m away from the creek) by running a separate model 
for each distance class.
In all analyses, the random-effect terms for creek identity 
were assumed to be drawn from a normal distribution with 
mean zero and variance estimated from the data, while the 
random-effect terms for transect identity were assumed to be 
drawn from a normal distribution with mean given by the creek 
identity and variance estimated from the data. We fitted the 
models in a Bayesian framework to readily accommodate the 
hierarchical structure of the data. We specified non-informative 
prior distributions for the parameters to allow data to drive 
estimation. All regression coefficients were assigned normal 
prior distributions with mean 0 and variance 1000, while 
variance terms were given broad uniform priors (0–100) on 
the standard deviation following Gelman (2006). Models were 
fitted using OpenBugs v2.10 (Thomas et al. 2006) called using 
the BRugs package from R 2.8.1 (R Development Core Team 
2008) and run with three chains for 10 000 iterations, with a 
burn-in of 10 000 iterations, which was sufficient to achieve 
convergence (judged by visually inspecting the chain histories).
Results
In support of our first hypothesis, in both forest and subalpine 
habitats the probability of occurrence of H. lepidulum declined 
with increasing distance from the creek margin (Fig. 3a, b). 
In forests the abundance of H. lepidulum when it was present 
also declined with increasing distance from the creek, whereas 
in subalpine habitat there was no clear relationship between 
H. lepidulum abundance when present and distance (Fig. 3c, 
d). The slope of the relationship between the probability of 
H. lepidulum occurrence and distance from the creek margin 
was more negative in forest relative to subalpine habitat, 
suggesting a steeper drop-off in occurrence with distance in 
forest (Fig. 4a). When we included in the model other covariates 
that might explain variation in the presence or abundance of 
H. lepidulum (density of H. lepidulum in the creek margin, 
elevation, disturbance, distance of transect from creek mouth, 
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and canopy cover), only the probability of H. lepidulum 
occurrence in forest habitats remained significantly correlated 
with distance from the creek (Fig. 4b).
The probability of H. lepidulum occurrence in forest and 
subalpine habitat was positively related to local abundance 
in creek margin habitat, and the strength of that relationship 
declined with increasing distance away from the creek 
(Fig. 5a), in support of our second and third hypotheses. The 
local abundance of H. lepidulum, where present in forests, 
was also positively related to abundance in local creek margin 
habitat, but there was no obvious decline in the strength of 
this relationship with distance from the creek (Fig. 5b). In 
subalpine habitats, H. lepidulum abundance where present 
was not clearly related to local abundance in creek margins 
at any distance (Fig. 5b).
Hieracium lepidulum was more likely to occur in disturbed 
plots in both forest and subalpine habitats, and in forest plots 
with lower overhead canopy cover (Fig. 5c). It was more likely 
to occur in forest plots at higher elevation and in subalpine plots 
at lower elevation (Fig. 5c). Distance from creek mouth had 
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Figure 3. (a, b) Probability of Hieracium lepidulum presence (the proportion of plots containing at least one H. lepidulum plant) for 
forest and subalpine plots in each of 17 creeks (grey circles) in Craigieburn Forest Park as a function of distance from the creek. Black 
circles show the overall mean probability for each distance. (c, d) Mean log density of H. lepidulum where it was present for forest and 
subalpine plots (grey circles) as a function of distance from creek. Black circles show overall mean densities for each distance. Creek = 
creek margin habitat, Edge = forest or subalpine habitat immediately adjacent to the creek margin.
no clear effect on the probability of H. lepidulum occurrence 
(Fig. 4c). Local abundance of H. lepidulum, where present in 
the forest, was higher where overhead canopy was lower. Other 
covariates were not strongly related to abundance (Fig. 5d).
Discussion
Our results strongly support the idea that creek margin habitats 
function as a source for the spread of H. lepidulum into adjacent 
forest and subalpine habitats in New Zealand’s eastern mountain 
landscape. A key determinant of the extent of spread into 
adjacent habitats is the size of local creek margin populations, 
with larger source populations in creek margins associated with 
a higher probability of occurrence in adjacent habitats. This 
suggests that establishment into adjacent habitat is driven by 
propagule pressure from local source populations, although 
subsequent invader abundance, at least in the forest, appears 
to be determined more by local environment and disturbance 
history than by dispersal from creek habitat.
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Figure 4. Slope parameter estimates for the relationship between distance of a plot from the creek (log-transformed) and both the 
probability of Hieracium lepidulum presence in a plot, and the density of H. lepidulum if present, for plots in forest (circles) and subalpine 
(triangles) habitats in Craigieburn Forest Park. (a) Slope parameters from a model in which the covariates density of H. lepidulum in 
the creek; elevation; distance up the creek; disturbance and canopy cover (for forest habitat only) were excluded. (b) Slope parameters 
from a model with these covariates included. Error bars are 95% credible intervals (i.e. the interval within which we are 95% sure the 
true mean value lies).
If a creek margin source population is present, areas in 
adjacent habitat that have been locally disturbed by events 
such as windthrow, landslides and frost-heave in both forest 
and subalpine habitats are more likely to support populations 
of H. lepidulum than undisturbed areas. Disturbance increases 
the availability of resources, including soil nutrients and 
light, reduces competition with resident biota, and is widely 
recognised in facilitating invasion (e.g. Higgins & Richardson 
1998; Hobbs 1991; Lake & Leishman 2004). New Zealand 
beech forests are extremely species poor, have low light 
reaching the forest floor, and low soil fertility (Wiser & 
Allen 2006). H. lepidulum invasion in these forests has been 
positively correlated with soil fertility (Wiser et al. 1998) 
and light availability (Miller et al. 2014), suggesting that 
the increase in these resources accompanying disurbance 
facilitates H. lepidulum invasion. Projecting abundances 50 
years into the future in the same forest system, Spence et al. 
(2011) showed that while H. lepidulum establishment and 
abundance were facilitated by minor disturbances, future 
abundance in forests was determined more by the persistence 
of established populations and by propagule pressure from 
source populations, such as creek margins, than by increases 
in the frequency of disturbance.
In subalpine habitats, disturbances such as landslides 
and frost-heave are important in determining the presence of 
H. lepidulum, but not its abundance. This likely reflects an early 
stage of invasion with smaller source populations and lower 
rates of propagule supply in these habitats (Fig. 2). Subalpine 
tussock grassland, scrub and creek-margin habitats have been 
shown experimentally to be highly susceptible to invasion by 
H. lepidulum in the study area (Miller et al. 2014).
Forest and subalpine habitats display different dynamics 
in the spread of H. lepidulum from source populations. The 
overall density of H. lepidulum is lower in subalpine habitats 
than in the forest and, as expected given a lack of dispersal 
barriers in the subalpine habitat, the decline in density with 
distance from the creek is less pronounced. Additionally, in 
the subalpine habitat there was no effect of distance from the 
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Figure 5. (a, b) Slope parameter estimates for the relationship between local Hieracium lepidulum density in the creek margin and both 
the probability of H. lepidulum presence in a plot and the density of H. lepidulum where present, for Craigieburn Forest Park plots at 
different distances away from the creek in forest (circles) and subalpine (triangles) habitats. (c, d) Parameter estimates for relationships 
between the covariates elevation, distance of transect up creek, disturbance and canopy cover (for forest plots only) and both the probability 
of H. lepidulum presence in a plot and the density of H. lepidulum where present, for plots in forest (circles) and subalpine (triangles) 
habitat. Error bars are 95% credible intervals (i.e. the interval within which we are 95% sure the true mean value lies). 
creek on local abundance. Together these results suggest that 
H. lepidulum invasion is at an earlier stage in subalpine areas, 
that there are few barriers to invasion across this habitat, and 
that subalpine habitats will become more heavily invaded 
than forests. Since subalpine habitats are highly susceptible 
to invasion by H. lepidulum (Miller et al. 2014), future 
spread of this invader in these diverse, biologically important 
New Zealand plant communities is of conservation concern 
(but see Meffin et al. 2010).
Management implications
An understanding of the function of source habitats in 
controlling the spread of invasive species across a complex 
landscape is essential for managing biological invasions. 
Indeed, assumptions about habitat invasibility and spread 
dynamics from source habitats such as roads and riparian 
habitats often underpin invasive species monitoring 
programmes, and provide the rationale for setting management 
priorities (Maxwell et al. 2009), although these assumptions 
are often not evidence-based (Byers et al. 2002).
Managers could use our data to design a monitoring 
programme for H. lepidulum in eastern New Zealand 
mountains, confident that H. lepidulum density in forest-
creek-margin habitats is a reliable indicator of the extent of 
H. lepidulum invasion into adjacent forest. This is important for 
prioritising treatment in areas that are still relatively pristine. 
Rapid, early detection surveys could focus on riparian habitats, 
and more intensive surveys and treatment could target areas 
of disturbance such as treefall gaps. Creek networks, roads 
and tracks in subalpine areas should be targeted (see also 
Jesson et al. 2000).
Management implications arise from the finding that 
propagule pressure from populations in source habitats such 
as creek margins and other disturbed areas are drivers of 
catchment-wide H. lepidulum invasion. First, our results suggest 
that local propagule pressure is a key determinant of invasion 
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patterns. Minimising population growth in source habitats will 
thus likely have a major impact in reducing catchment-wide 
distribution and abundance. Second, disturbances are a natural 
part of these ecosystems in both forest and subalpine habitats. 
Nevertheless, managers should consider the cumulative effects 
of additional disturbance (such as track, road and building 
construction) on promoting H. lepidulum invasion. This is 
especially true in subalpine areas where barriers to dispersal 
and invasion are low.
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